Introduction
The radiolysis of nucleic acid constituents has found considerable interest [1, 2] because they can serve to investigate mechanistic principals that cannot be studied with the more complex nucleic acids. There is a wealth of information available on the y-radiolysis of uracil, the simplest nucleobase [3] [4] [5] [6] [7] [8] . There is, however, very little agreement among the various research groups upon the yields and even to some extent upon the nature of the products. This disagreement might partly be due to the difficulties encountered in the analysis of the products. The strong pH dependence observed with the uracil system [3, [7] [8] [9] ] raises yet a further difficulty in elucidating the mechanism, especially w hen such a pH dependence can lead to pronounced dose rate effects (cf. ref. [9] ). It is not unlikely that the pH effect observed in the radiolysis of uracil is caused by the presence of an H atom at N-l, since it has been shown that OH -induces the conversion of the reducing 5-hydroxy-5,6-dihydrouracil-6-yl radical into an oxidizing radical (cf. ref. [10] ). Using 1,3-dimethyluracil as a model for a pyrimidine in a nucleic acid has an advantage over uracil.
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The proton at N-l is substituted by a methyl group and some of the pH effects may thus be eliminated. Furthermore, this compound is more similar to the situation in the nucleic acids in which N(l) is attached to the sugar moiety. The additional substitution of the H atom at N-3 by another methyl group very much simplifies the analytical problems. It will be shown that the 1,3-dimethyluracil can be more readily understood than the uracil system, and it is suggested that the pyrimidine radiation chemistry in the nucleic acids might be even somewhat simpler than one would anticipate from the complexity of the uracil system.
Results and Discussion
The OH radicals that are generated in the radiolysis of NoO-saturated aqueous solution of 1,3-dimethyl uracil (10~3M) predominantly add to the 5,6-double bond forming radicals a and b. Hydrogen abstraction from the methyl groups could also take place but the product analysis (see below) indicates that such a process is negligible. According to Fujita and Steenken [10] it is to be expected that radical a will readily reduce tetranitromethane while radical b should oxidize N,N,N',N'-tetramethylphenylenediamine. Such measurements account for approximately 90% of the radicals with G(reducing radicals) = 4.5 and G(oxidizing radicals) = 1.0. These results imply the formation of a in considerable excess over b. Hydrogen atoms are also expected to add preferentially at C-5 to form radical c. 0 0 0
The products in this system were identified as their trimethylsilyl (TMS) derivatives using gas chromatography (GC) combined with mass spectrometry. TMS-derivation is normally quantitative, when only OH groups are derivatised. Fig. 1 shows a typical gas chromatogram. The low molecular weight region and the dimer region are clearly distinguishable. Assignments are readily made on the basis of the mass spectra. In some cases the molecular ion (M+) can be observed, but where its intensity is too low the fragment ion mjz M+-15 is a clear indication of the molecular weight of the product in question. The mass spectra of the products and their assignments are given in Table I . It is known that 6-hydroxy-5,6-dihydrouracil derivatives are acid-labile and eliminate water. The dimers 7-13 do not eliminate water upon acid treatment. Hence they do not contain the structural element b.
In all of the observed products (except for isobarbituric acid which is formed only in trace amounts, see below) the original C(5)-C(6) double bond has been saturated. The C(5)-C(6) double bond is an essential part of the chromophoric group responsible for the absorption maximum at 266 nm, thus the radiolytic destruction of 1,3-dimethyluracil can readily be monitored by the observation of absorbance decrease at 266 nm. It has been found from such measurements that G(l,3-dimethyluracil consumption) = 5.7 ± 0.6 is independent of dose rate (between 4 x 10~3 Gy • s -1 and 8 Gy • s -1 ). Using the pulse radiolysis technique the rate constant for the bimolecular decay of the 1,3-dimethyluracil-derived radicals (as monitored at X -400 nm) has been calculated to be 1. Table I , erythritol and nonadecane (C19) were used as standards. at least one order of magnitude slower than the addition of the hydroxyethyl radical to ethylene and consecutive propagation reactions [11] , The formation of the large dimer fraction is therefore not due to an oligomerisation process and higher molecular weight products are not expected. Quantitative data for the identified products have been obtained using erythritol as an internal standard. A known amount of erythritol was added after radiolysis and was thus subjected to all of the concentration and silylation procedures. Dose yield plots were linear for the majority of products. However, using the normal workup procedure considerable scatter was obtained in the individual dose yield dependencies of the glycols and isobarbituric acid. On the other hand their combined yield was linearly dependent on dose: when the glycol yield was low the 1,3-dimethylisobarbituric acid yield was correspondingly high. The glycols are known to be very acid-labile and readily eliminate water thereby yielding 1,3-dimethylisobarbituric acid. By adjusting the pH to approximately 7.5 with ammonia, before freeze drying, the yield of 1,3-dimethylisobarbituric acid was much reduced, with a concomitant increase in the measured glycol yield. The results given in Table II have been obtained by this procedure. Thus G(l,3-dimethylbarbituric) acid given in Table II should be regarded as an upper limit. Compound 3 resembles the glycols in its sensitivity to workup conditions. However, on its disappearance no new product was formed. We attribute 3 to the labile hydrate, 5,6-dihydro-6-hydroxy-l,3-dimethyluracil, which could eliminate water to return to the starting material. The GC retention time is close to that of the other hydrate 2 and so supports this assignment. The linearity of the dose yield plots suggests both that the observed products are indeed primary products and that the experimental procedure is quantitative. Due to the non-availability of reference material exact GC response factors could not be determined. However, reasonable estimates of the G values can nevertheless be made. G(total destruction) = 5.7 has been measured by optical absorbance and there is very little (3-5%) of material (cf. Fig. 1 ) other than that included in Table II . Thus it is reasonable that the G value of these products totals 5.5. Assuming that the TMS derivatives all have the same GC response factor G values are than in proportion to their peak areas. In this way the values given in Table II have been calculated. Similar values would be arrived at, if it is assumed that the molar GC response of the hydroxylated, trimethylsilylated compounds is 15-20% higher than that of the starting material. Such a value would be anticipated on the introduction of OTMS-groups. Further confirmation of the validity of the treatment of the GC data comes from the close agreement between the results from GC and paper chromatography using 14 C-labelled material.
By far the most important product group is the dimer fraction. Using 14 C-labelled 1,3-dimethyluracil a fraction of lower i?f-value than the starting material was observed by paper chromatography (fraction C in Fig. 2 ). This fraction (G = 3.9) was completely wiped out if irradiations were done in the presence of oxygen or Fe(CN)6 3_ . This is an indication that this fraction can be attributed to the dimer fraction. Elution from the paper, silylation and GC, clearly confirmed this fraction to be essentially dimers, although some trace amounts of 1,3-dimethylisobarbituric acid, 4 were also detected. Fraction A of this chromatogram appears to be due to the glycols, 5 and 6. On acid treatment this fraction disappears and the material now appears in fraction C due to the conversion of the glycols 5, 6 into 1,3- 
-

Mechanistic aspects
The most important radical in the present system is radical a. Its dimerisation product (from reaction (1)) has four optically active centers, hence as much as six diastereoisomers should be formed. All (7, 8, 11a , lib, 12, 13) have been separated by GC (cf. inset in Fig. 1 ). They constitute the major products in the dimer fraction. A disproportionation of these radicals by transfer of the H atom at C(5) could be envisaged. This reaction w T ould lead to 1,3-dimethylisobarbituric acid 4 and to l,3-dimethyl-5-hydroxy-5,6-dihydrouracil 2. These compounds are very minor products hence reaction (2) is of little importance. Another alternative is disproportionation by electron transfer (reaction (3)). This kind of reaction has first been proposed by Scholes [13, 14] for a similar radical (d) formed in the radiolysis of dihydrouracil (reaction (11)). As a consequence of the deprotonation at N( 1) of the radical cation an isopyrimidine is formed in reaction (12) which than rearranges (reaction (14)) (cf. ref. [15] ) or reacts with water (reaction (15)). In the present system N(l) is blocked by a methyl group which no longer allows the formation of an isopyrimidine, and the intermediate radical cation must react with water to yield the glycols 5 and 6 (reaction (6)).
An alternative route to the glycols could be the reaction of radiolytically formed hydrogen peroxide with radical a (reaction (8) Under our experimental conditions G(H202) = 0.75 is identical with the "molecular yield" of H2O2. This shows that reaction (8) does not play a role in the formation of the glycols 5, 6. We therefore feel, in agreement with Scholes [14] , that reaction (3) followed by reaction (6) is the major route to the glycols 5, 6.
The yield of the glycols 5 and 6 is rather low, and it is not possible to exclude some participation of the minor radical b in their formation. Radical b is an "oxidising" radical, and as such could more readily accommodate an electron than the "reducing" radical a. Hence the electron transfer could proceed more easily according to reaction (16) . The so-formed anion could either decay to the starting material (reaction (17)) or yield the hydrate 3 (reaction (18)).
Release of carbon-bound protons in ^-position to carbocations with the formation of the corresponding olefin appears to be a slow process compared to the reaction with water [16] . For this reason reaction (7) is likely to be considerably slower than reaction (6) . In agreement with this expectation G(4) (G = 0.1) is small compared to G(5, 6) (G = 0.85).
Oxidation of/9-hydroxyethyl radicals with Cu-(II) ions leads to epoxides rather than to glycols [11, 17, 18] . It is not yet clear whether in these reactions carbocations play a role or whether the reaction proceeds through a Cu-(III) intermediate which breaks down into Cu-(I) and the epoxide. Radical a is also a ß-hydroxylalkyl radical. Attempts to observe the epoxide in the present system both in the presence and the absence of Cu-(II) ions have so far been unsuccessful. It cannot be excluded, however, that the primary product is the epoxide which hydrolyses to the glycols during workup.
The uracil system shows a strong pH and dose rate dependence of the uracil consumption. This has been attributed to (unknown) reactions involving the H atom at N(l) [9] . Such reactions could no longer occur in the present system because this H atom is replaced by a methyl group. It has indeed been found that in the present system the prod-
H3C. (Table II) . Only product 3 that has been attributed to the labile hydrate is no longer observed at high pH. In acid solutions, however, the total yield of products is reduced, most notably there is a large decrease in dimer yield, only partly offset by a small increase in glycol yield. This observation can be rationalized assuming a proton-catalysed conversion of the reducing radical a into the oxidizing radical b. Such a reaction that could go through a radical cation as an intermediate (reactions (19) and (20)). The likely interaction of these two radicals have already been shown in reactions (16)- (18) . As a consequence G(dimers) must decrease (elimination of a by other routes than reaction (1)), the G(glycols, 5, 6) must increase (reaction (16) followed by reaction (6)), and the consumption of 1,3-dimethyluracil must be decreased by the restitution process (17) (plus water elimination from the hydrate 3 formed in reaction (18) ). It is to be expected that at higher proton concentrations and at lower dose rates this effect would become even more pronounced.
1,3-Dimethyluracil and the pyrimidine moieties of the nucleic acids are both substituted at N-l. As shown by Maruthamutu and Steenken [23] , it is the substitution at N-l and not at N-3 which prevents the base catalyzed dehydration of the OH adduct to C-5. It is thus to be expected that in the nucleic acids the pyrimidine OH-adduct radicals will similarly not undergo a base-induced rearrangement. An acid-catalysed rearrangement is indeed a possibility and because of the considerably longer lifetime of polymer radicals such a rearrangement might be of some importance even at pH values much higher than pH 3 where this effect has been studied with our model system.
Experimental
1,3-Dimethyluracil (Fluka) was proven to be pure (GC and TLC) and used without further purification. Irradiations, silylations and GC were performed as described previously [19] . The dose rate in the product studies was 0.3 Gys -1 . Conversion did not exceed 30%. For quantitative measurements erythritol and nonadecane were added respectively as internal and external standards. 1,3-Dimethyluracil- 14 C was prepared from uracil-14 C (Amsterdam) according to De Leenheer and Gelijkens [20] . After purification by paper chromatography it appeared to be free from uracil and other detectable labelled impurities (purity 99.9%). Chromatography of the products was done on Whatman paper 1 using w-butanol/water (86:14) as solvent. 1,3-Dimethyluracil showed an Rt value of 0.8. Hydrogen peroxide was determined using the iodide method [21] , The pulse radiolysis set-up has already been described
